Microtubules are cytoskeletal polymers which play a role in cell division, cell mechanics, and intracellular transport. Each of these functions requires microtubules that are stiff and straight enough to span a significant fraction of the cell diameter. As a result, the microtubule persistence length, a measure of stiffness, has been actively studied for the past two decades 1 . Nonetheless, open questions remain: short microtubules are 10-50 times less stiff than long microtubules [2][3][4] , and even long microtubules have measured persistence lengths which vary by an order of magnitude [5][6] [7] [8] [9] .
Introduction
The cytoskeleton, a network of biopolymers found in most eukaryotic cells, plays a role in cellular organization, intracellular transport, and cell mechanics. The mechanical characteristics of the biopolymers of the cytoskeleton (primarily actin and microtubules) play a significant role in determining the mechanical characteristics of the cell as a whole 12 . Since whole cell mechanics can characterize healthy and diseased cells 13, 14 and is involved in cellular motility 15 , the mechanical properties of the underlying cytoskeletal components have been an active area of study for the past two decades 1 
.
The flexibility (or stiffness) of biopolymers is characterized by the persistence length, the length of polymer which bends by approximately one radian under thermal fluctuations at ambient temperature. A number of techniques have been developed to measure persistence length 16 , for example active techniques which involve bending the polymer using hydrodynamic flow, optical traps, or electric fields 4, 17, 18 , and passive techniques which measure the fluctuations of free polymers in solution 5, 6 . The active measurements, however, require specialized setups to implement known forces on the micrometer scale, and the free-fluctuation measurements can be challenging due to diffusion out of the plane of focus of the microscope used.
In this article, we describe a complementary, passive, technique to measure the persistence length of microtubules, a cytoskeletal polymer. The technique involves gliding assays, which ensure that the polymer always remains in the focal plane 19 . Moreover, it involves tracking single fluorophores attached permanently to the polymer of interest, so that specific locations along the polymer are well characterized.
, and can therefore be used to calculate the persistence length according to 20 where l p is the persistence length of the microtubule, θ s is the angle between tangents to the trajectory separated by a contour length s, and <> denotes an average over all pairs of positions separated by a contour length s.
The gliding assay itself uses kinesin biotinylated at the coiled-coil 21 specifically bound to the glass slide via a streptavidin-biotin linkage. This attachment ensures that the motor domains are free to bind to and propel microtubules. In order to follow microtubule trajectories, microtubules are sparsely labeled with organic fluorophores 22, 23 -the labels must be sparse enough that single fluorophores are resolvable using single molecule fluorescence microscopy. Single fluorophores are tracked using image analysis routines written in IDL. The trajectories of each fluorophore bound to a given microtubule are combined into a composite microtubule trajectory automatically 24 . The tangent angles θ to each point along a trajectory are calculated; from these tangent angles the <cosθ s > value is calculated for each contour length s. Finally, these data are fit to Eq. 1 in order to extract a persistence length for a given microtubule, or for many microtubules in the same gliding assay.
The method is robust enough to work with microtubules prepared in a wide variety of conditions (with different stabilizing agents or other small molecules bound to the microtubule, with bound microtubule associated proteins (MAPs), or with a variety of viscous solutions). In our lab, the technique has been used to characterize the persistence length of microtubules as a function of length along the microtubules and microtubules with different stabilizing agents. The main restriction is that the microtubules must still support kinesin motility. Since kinesin is a robust motor enzyme, this is a fairly loose restriction. By replacing microtubules with actin and kinesin with a myosin family enzyme, the persistence length of actin can be measured using the same technique.
Protocol

Microtubule Gliding Assay Stock Solutions
Prepare ahead of gliding assay. 3. Prepare the assay buffer (AB) of 50 mM imidiazole, 50 mM potassium chloride (KCl), 4 mM magnesium chloride (MgCl 2 ), 2 mM ethylene glycol tetraacetic acid (EGTA), pH 6.7. Sterile filter and store at 4 °C. 4. Dissolve biotinylated bovine serum albumin (biotin-BSA) to 2 mg/ml in AB. Filter with 0.2 μm syringe filter. Store at -80 °C in 100 μl aliquots for long periods, at 4 °C for up to one month. 5. Dissolve streptavidin (SA) to 10 mg/ml in AB. Filter with 0.2 μm syringe filter. Store at -80 °C in 20 μl aliquots for long periods, at 4 °C for up to two weeks. 6. Dissolve α-casein to 5 mg/ml in AB. Filter with 0.2 μm syringe filter. Store at -80 °C in 100 μl aliquots for long periods, at 4 °C for up to two weeks. 7. Dissolve dithiothreitol (DTT) in deionized water at 200 mM. Store at -20 °C in 100 μl aliquots, use within 8 hr of thawing. Can be refrozen. 8. Dissolve paclitaxel (PT) in HPLC-grade dimethyl sulfoxide (DMSO) at 4 mM. Store in 10 μl aliquots at -80 °C long term, -20 °C short-term.
Use within 8 hours of thawing. Can be refrozen. 9. Dissolve glucose in deionized water at 120 mg/ml. Store in 100 μl aliquots at -20 °C. Can be refrozen. 10. Dissolve adenosine triphosphate (ATP) in deionized water at 150 mM, pH 7.0. Store in 5 μl aliquots at -80 °C, use within 8 hr of thawing. 11. Prepare 100x oxygen scavenging stock 25 by dissolving 10,000 units glucose oxidase and 156,000 units catalase into 600 μl total assay buffer. Centrifuge briefly in a microcentrifuge to pellet solids; filter supernatant with 0.2 μm syringe filter. Store at -80 °C in 10 μl aliquots for long periods, at 4 °C for up to one week.
Microtubule Gliding Assay, Same Day Solution Preparation
Prepare the solutions in 2.1-2.6 on the day of the experiment. With practice, solutions 2.2-2.6 can be prepared during flow-cell washing. Unless otherwise noted, keep stock solutions on ice. the biotinylated kinesin to bind specifically to the surface-bound streptavidin. The kinesin motor domains will remain free to bind microtubules. 8. Dilute paclitaxel to 40 μM in room-temperature α-casein buffer, and wash each lane with 15 μl of this solution to wash out free kinesin and to pre-load each flow chamber with a paclitaxel solution to prevent microtubules from depolymerizing. Cold also depolymerizes microtubules, so make sure these steps occur at room temperature with room temperature solutions. 9. Dilute fluorescently labeled microtubules 1:100-1:1,000 in fluorescence anti-bleach buffer with 1 mM ATP. Wash 15 μl into one lane and observe within 30 min.
Data Collection
1. Observe the microtubules gliding using fluorescence microscopy; a microscope capable of resolving single fluorophores such as a commercial or home-build TIRF setup is required 26 (Figure 2) .
The microtubules should be propelled by the kinesin motors over the substrate at approximately 0.5 μm/s, depending on temperature. If the field-of-view of the microscope is 50 μm, individual microtubules should be visible for approximately 100 sec. Set illumination intensity so that single fluorophores do not photobleach more quickly than 100 sec. If using laser excitation, a power setting of approximately 3-5 mW is appropriate. 2. Collect sequences of images for analysis. 600 images at 5 Hz (2 min total) works well. Use sequences long enough that microtubules traverse the entire field-of-view.
Data Analysis
An IDL routine, get_lp.pro, is attached. This routine returns a persistence length value based on all microtubules gliding in a given image sequence. Either run this routine on each image sequence, modifying intensity parameters depending on your particular microscope setup, or do the following:
1. Track each fluorophore attached to a microtubule to create fluorophore trajectories. 2. Combine all the trajectories of fluorophores on a given microtubule into an overall microtubule trajectory; repeat for each microtubule in the image sequence (Figure 3) . 3. Calculate the tangent angle to each point along the trajectory (Figure 4) , and calculate <cosθ s > in Eq. 1 by averaging the cosine of the angle difference for every pair of points separated by a path-length s (Figure 5 ). Find the persistence length for a single microtubule or group of microtubules by fitting <cosθ s > to Eq. 1, weighting the individual data points in the fit by the number of independent values of cosθ s that are used to compute the average.
Representative Results
A snapshot from a gliding assay is shown in Figure 2 . A good microtubule density is 1-10 microtubules per field of view; substantially more will result in mistracking as microtubules cross each other. A plot of the 11 microtubule trajectories from the gliding assay in Figure 2 is shown in Figure 3 . Typical trajectories are 10 to 30 μm long; some trajectories have gaps where one microtubule crosses another. These trajectories may be discarded from analysis.
A single, long microtubule trajectory is shown in Figure 4A with example tangent angles at two positions along the trajectory. The difference between tangent angles separated by a fixed distance is related to the persistence length; the tangent angle as a function of position along the microtubule trajectory is shown in Figure 4B .
The tangent angle data from many microtubule trajectories is combined to calculate a single persistence length for all microtubules in a given experiment. Figure 5 shows a plot of <cosθ s > versus contour length s for the gliding assay of Figure 2 . At large contour length values, very few values of cosθ are measured; hence the average is highly variable. The weighted fit conforms to the short s, high-precision data more closely than the long s, low-precision data.
The value of persistence length from these 11 trajectories, 500 ± 40 μm (± standard error of the mean), is representative of persistence lengths for relatively short microtubules
The technique itself is quick to perform. Once stock solutions have been prepared ahead of time (step 1), a gliding assay experiment can be performed in 2-3 hr, including up to four variations in conditions on a single microscope slide (the four lanes in step 3.1). Many microtubules can be examined in each experiment; typical experiments in our lab examine 100 microtubules per condition (about 10 image sequences per lane, with 10 microtubules per sequence). The analysis of large data sets is likewise fairly quick. With practice, 10 image sequences can be analyzed for persistence length in an afternoon or so with a modern PC. The rate-limiting step in the analysis is the time to track individual fluorophores; newer tracking methods promise to increase this speed substantially 27 .
Because the method involves tracking single fluorophores attached to a given microtubule, the precision of tracking is only limited by photon collection, and can be on the scale of nanometers 22, 25 . By including data from many fluorophores, the precision is further improved. Potentially, even higher precision could be reached by attaching very bright fluorescent objects, such as quantum dots, to the microtubule.
While the precision of individual trajectories is quite good, the uncertainty in persistence lengths measured with this technique (on the scale of ± 50% for a single microtubule) is still significant. The key limitation in precision of the persistence length measurements is the statistics involved in averaging cosθ s . As the contour length between pairs of points, s, increases, the number of independent measurements of θ s decreases as L/s, where L is the length of the microtubule trajectory studied. Increasing the length of the microtubule trajectories would allow for improved precision in persistence length measurements.
A second limitation to this method is the requirement that biotinylated kinesin-1 be used for specific attachment of kinesin to microscope slides. Biotinylated kinesin must be purified (from E. Coli in our case), and cannot simply be purchased off the shelf. However, a modified gliding assay using unbiotinylated kinesin may be used 28 ; kinesin heavy chain protein which might be suitable for this technique is commercially available from Cytoskeleton (KR01). Modifying the gliding assay to use this alternate kinesin would not affect microtubule flexural rigidity in any way, and would thus enable groups without access to recombinant kinesin protein to use this method.
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